Interaction/reaction assays have led to significant scientific discoveries in the biochemical, medical, and chemical disciplines. Several fundamental driving forces form the basis of intermolecular and intramolecular interactions in chemical and biochemical systems (London dispersion, hydrogen bonding, hydrophobic, and electrostatic), and in the past three decades the sophistication and power of techniques to interrogate these processes has developed at an unprecedented rate. In particular, label-free methods have flourished, such as NMR, mass spectrometry (MS), surface plasmon resonance (SPR), biolayer interferometry (BLI), and backscattering interferometry (BSI), which can facilitate assays without altering the participating components. The shortcoming of most refractive index (RI)-based label-free methods such as BLI and SPR is the requirement to tether one of the interaction entities to a sensor surface. This is not the case for BSI. Here, our hypothesis is that the signal origin for freesolution, label-free determinations can be attributed to conformation and hydration-induced changes in the solution RI. We propose a model for the free-solution response function (FreeSRF) and show that, when quality bound and unbound structural data are available, FreeSRF correlates well with the experiment (R 2 > 0.99, Spearman rank correlation coefficients >0.9) and the model is predictive within ∼15% of the experimental binding signal. It is also demonstrated that a simple mass-weighted dη/dC response function is the incorrect equation to determine that the change in RI is produced by binding or folding event in free solution.
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backscattering interferometry | assay methodology | molecular interactions | conformation change | hydration change C ontemporary assays enabling single-molecule detection (1, 2) have accelerated the sequencing of the human genome (3) and facilitated imaging with extraordinary resolution without labels (4) . To most closely approximate the natural state, an interaction assay methodology would interrogate the processes (reaction, molecular interaction, protein folding event, etc.) without perturbation. Label-free chemical and biochemical investigations (5, 6) transduce the desired signal without an exogenous label (fluorescent, radioactive, or otherwise) representing an essential step toward this goal. Many label-free methods require one of the interacting species to be either tethered or immobilized to the sensor surface, introducing a potential perturbation to the natural state of the species (7, 8) . However, back-scattering interferometry (BSI) is a free-solution label-free technique with the added benefit of sensitivity that rivals fluorescence (9) . There are other techniques performed in free solution, such as MS (10, 11) and NMR (12, 13) and the widely used isothermal titration calorimetry (ITC) (14, 15) . As with NMR, ITC has many advantages, but exhibits modest sensitivity and often requires large sample quantities. Another increasingly popular free-solution approach is microscale thermophoresis (MST). However, for MST to operate label-free, one of the binding partners must have a significant absorption/fluorescence cross-section (16, 17) . BSI represents an attractive alternative to these methods because of its high sensitivity, small sample volume requirement, optical simplicity, and broad applicability (18) (19) (20) (21) .
Whereas ITC and MST are well known, the fundamental mechanistic basis for the signal observed in BSI is less well understood.
Herein, we attempt to address the fundamental basis for the signal observed in label-free, free-solution interaction studies performed with an interferometer. We present a hypothesis for the mechanism of signal generation in free-solution assays (assumed to be label-free from this point forward) and pose a preliminary model for interaction studies. Our model is a work in progress and as such has limitations. Here, it is our intent to stimulate additional investigations and to address two questions: (i) How can interactions be measured label-free and in free solution, in the absence of absorbance, a significant mass change, or a thermal signature? (ii) What intrinsic property allows unprecedented sensitivities (picomolar to femtomolar) in complex milieu, when neither of the individual binding partners is detectable at those levels?
In addressing these questions, we show that free-solution methods properly performed by interferometry have a unique, enabling signal transduction mechanism and that the signal magnitude correlates with changes in quantifiable intrinsic properties. We also demonstrate that the free-solution response function (from hereon, FreeSRF) can be quantified and within defined parameters can be predictive.
Results presented establish that the relative measurements performed in free solution allow the solution refractive index (RI) to provide a reproducible, robust, and quantifiable readout of chemical reaction progression (interaction), principally due to Significance Chemical and biomedical sciences depend heavily on interaction assays, particularly those providing structural insights. Here, we show interferometric, free-solution, label-free studies report conformation and hydration changes, and present a new way for interpreting these methods. Intrinsic property changes are the mechanism allowing for unprecedented sensitivities (picomolar to femtomolar) in complex milieu, even when individual binding partners are undetectable. We establish that the existing theory for label-free assay methods such as surface plasmon resonance (SPR) is not applicable and propose a model for the free-solution response function (FreeSRF), validated and highly predictive when combined with quality structural data and reliable calculations of solvent-addressable surface area. The model allows for interpretation of solution-phase, label-free interactions and could facilitate obtaining structural information from a simple mix-andread assay.
conformation and hydration changes upon binding. We illustrate that the changes leading to a FreeSRF cannot be considered simply as mass-weighted dη/dC responses, even though the interferometer exhibits a dη/dC response for a single analyte (salt, sugar, protein, antibody, or DNA strand) (22) . We describe how to properly use BSI and configure the free-solution assay to ensure quantitation of binding affinities for a wide range of species [e.g., ion binding a protein (9), a sugar binding a lectin (8) , hydrogen bonds forming in nonaqueous media (23) , small molecules to membrane proteins embedded in cell-derived vesicles (18) , merazoite proteins to intact human erythrocytes (21) , and protein folding (24) ]. Finally, we show how to estimate the magnitude of free-solution signal using protein database-derived information.
Background
Nearly two decades ago, we published observations indicating that our unique interferometer could be used to measure protein folding (24) . The importance of these preliminary studies was not more fully realized until 2007, when our group showed that binding events, such as ion-protein, protein-protein, and small molecule-protein interactions, could be measured using a RI technique in free solution and without labels (9) . Numerous examples have validated that free-solution measurements by interferometry can be used to quantity interactions of widely different affinities (micromolar to picomolar) and on interacting pairs with significant mass differences (>10,000-fold) (18) (19) (20) . Although we, and others, have postulated the origin of the free-solution signal, no explicit explanation for the physical phenomenon has emerged. Here, we capitalize upon the pioneering observations by Sota and others including Pitner and Koch (25) (26) (27) (28) , using techniques typically thought to be insensitive to bulk RI changes (25) that couple energy into an immobilized sensor surface layer, which suggest that a theory based purely on dη/dC considerations does not adequately describe the response for optical methods performed in free solution. The background necessary to support this supposition is provided below and in SI Appendix.
A wide range of surface techniques have dη/dC signal dependence, where the performance is bounded by the relative change in mass-concentration at the surface (SI Appendix, Eqs. S1-S3). These observations have led to a reasonable, but mistaken assumption that signal transduction in free solution is the same as deflection, refraction, or wavelength shift, techniques in which performance is bounded by the relative change in volume at the surface (mass or concentration). The dη/dC formalism was established in 1988 in one of the first papers describing surface plasmon resonance (SPR) (29) . Other descriptions on how to relate these changes to adsorbed films appeared thereafter (30) (31) (32) . In one of these reports, researchers showed the SPR response was linear with surface concentration of protein (in nanograms per square millimeter) for adsorbed species, and introduced the refractive index increment (RII), which was defined as dη/dC in milliliters per gram (32) . They illustrated that the RI of the surface layer was the sum of the concentration weighted RII (SI Appendix, Eq. S1). Using a Matthews report (33) indicating the fractional solvent content of a globular protein crystals ranges from 30% to 78%, they then estimate the probed surface thickness to range from 60 and 200 nm. However, the closely packed protein crystal representation omitted values for solvent content and specific volume.
Yee and coworkers (30) recast the Lorenz-Lorenz equation (SI Appendix, Eq. S2), further establishing the paradigm by showing (SI Appendix) that η protein = 1.57 RIU for the water-free (unreacted) protein was close to that of crystalline proteins of 1.60 RIU as confirmed by Schuck and coworkers (34) . Importantly, these values are greater than those estimated for "adsorbed protein films" using ellipsometric approaches assuming a single optical thickness, because the film volume does indeed include a great deal of water (30, 35, 36) . Yee and coworkers referred to that part of the film that "are made of protein material itself, not water (italics added)." They also noted, "we believe this approach, which neglects the intermixed solvent (italics added) in the adlayer, is more direct and general for quantitative analysis of adsorbate coverages for proteins and adsorbates in general" (30) . A report by Marsh and coworker (37) also suggests that hydration/conformation are important predictors of binding-induced structural changes.
In 2000, Davis and Wilson (38) reported on an approach to determine the RII of small molecules for correction of SPR data. They too used the formalism of a concentration weighted RII (SI Appendix, Eq. S3) and predicted the maximum (BIACORE) SPR instrument response for binding of a single ligand (Eq. 1):
where (RU pred ) max is the predicted maximum instrument response in resonance units for binding at a single site, RU M is the experimental amount of macromolecule immobilized on the chip in resonance units, MW L is the molecular weight of the ligand, MW M is the molecular weight of the immobilized macromolecule, and (dη/dC) L /(dη/dC) M is the RII of the macromolecule. The relative mass was also shown to be an important parameter in predicting the maximal signal flow injection gradient SPR systems (39). The model described above and in SI Appendix used to define the response for RI (bio)sensing methods, does not take into account the possibility that the signal may be impacted by conformation and hydration changes upon chemical or biochemical transformation (binding, folding, shedding, or gaining waters of hydration). To our knowledge, Sota et al. (25) were the first to question this supposition by reporting the detection of conformational changes in an immobilized protein using an SPR biosensor. They observed that the SPR signal of the tethered protein and the molar ellipticity of dihydrofolate reductase in solution responded similarly to pH changes. Combined with tethered protein sensor surface measurements in the pH range of 0.12-7.80, they postulated that their observations were "consistent with the interpretation that changes in the SPR signal reflect conformational changes occurring during acid denaturation" (25) .
Numerous others have questioned the paradigm of RI sensing exhibiting simply a mass-weighted response. In 2000, Boussaad, Pean, and Tao (40) used multiwavelength SPR to show that altering the reduction potential of a solution caused a change in the conformation of cytochrome C and a corresponding change in signal. Salamon et al. (41) reported the use of an SPR-related technique, coupled plasmon-waveguide resonance spectroscopy, to study ligand-induced conformational changes in a G-protein-coupled receptor embedded in a lipid bilayer. Gestwicki et al. (27) exploited the observation that the SPR response is not strictly dictated by the RII to enhance small-molecule detection. In this work and a subsequent patent (42) , they demonstrated that ligandinduced conformational changes can be used to report small-molecule binding to immobilized maltose-binding protein and tissue transglutaminase by SPR, without the need for a high-MW competitor. For ligands binding to a receptor, they showed (i) there is a net negative ΔRI with a decrease in hydrodynamic radius; and (ii) when the interaction increases hydrodynamic radius, a net positive ΔRI results. Using response reversibility and similarities between reported and SPR-determined equilibrium dissociation constants, they confirmed that these signals could not be attributed to the addition of analyte molecular mass to the surface as would be predicted by SI Appendix, Eqs. S1-S3, and Eq. 1. They showed, with a high level of confidence, the observations were a consequence of specific receptor-ligand interactions.
The details of the experiments by Gestwicki et al. are important here. X-ray crystal structures show that maltose binding to maltose-binding protein (MBP) induces a conformational change. The hinge-twist structure change between the two domains of MBP causes a net decrease in hydrodynamic radius (27) . As predicted for a negative net change in hydrodynamic radius, the event produced a negative ΔRI. Also consistent with their hypothesis was the observation that a positive ΔRI resulted when calcium binds to tissue transglutaminase (tTG), which is allosterically regulated by Ca 2+ . The positive ΔRI of roughly +1,000 resonance units (RU) reported for Ca 2+ binding to tTG, from a change in hydrodynamic radius resulting from a ∼15°rotation, was much greater than the expected +28 RU from mass alone. Thus, the conformationally active form of tTG increased the SPR signal intensity by 36-fold upon calcium binding. Unlike calcium, maltose is of sufficient molecular mass (360 Da) to be detected directly by SPR. However, when maltose binds to MBP, a net negative change in RI is recorded in the SPR sensorgram, apparently because the binding event-induced conformational change overwhelms the positive response due to accumulation of mass from maltose (MBP-maltose interaction gave a net 5-to 30-RU signal).
After a period of silence, several SPR papers appeared on the topic of conformation-dependent sensing despite many considering the reports to be simply anomalous behavior (43) (44) (45) (46) (47) , attributed to the following: (i) buffer mismatch, (ii) volume exclusion due to ligand density differences (43) (44) (45) , (iii) nonspecific matrix interaction (46) , and (iv) nonspecific reference interactions (47) . Regardless, a recent paper reported that the RI sensing figures of merit were dependent on shape and the size of the Au nanoparticles (48) with sensitivities generally increasing as the nanoparticles became elongated and their apexes become sharper. When nanobipyramids' aspect ratio was increased from 1.5 to 4.7, signal increased from 1.7 to 4.5. Then in 2010, SPR was used to quantify E. coli DNA ligase using a hairpin DNA to probe self-structure change during the ligation process (49) . Clearly, no change in MW was necessary to provide signal for this assay.
Because of the significant difference in the mass of the binding pair, ion-protein interactions are an important class of interactions to consider. Christopeit, Gossas, and Danielson (50) showed that SPR detects these interactions, provided that a large conformational change is induced upon binding. Here, a Ca 2+ -induced conformational change of C-reactive protein (CRP) made the protein more compact, decreasing the hydrodynamic radius, leading to an "unexpectedly" negative ΔRI change.
Recently, the Koch group contributed two studies (28, 51) further bolstering the argument that free-solution signals correlate to binding-induced conformational changes. In 2010, they reported that SPR sensorgram amplitudes for saturated Ca 2+ -binding of protein-coated surfaces greatly exceeded the theoretical values (51), concluding the SPR signal was a consequence of the concerted Ca 2+ -binding-induced protein conformational change in the vicinity of the protein-dielectric, rather than being due to a mere mass effect. Using NMR structures of Ca 2+ -free (apo) and Ca 2+ -bound myristoylated recoverin (mRec), reported as average structures, they illustrated Ca 2+ -free recoverin has a tense (T), compact conformation in which the myristoyl group is sequestered in a hydrophobic pocket (SI Appendix, Fig. S1A ). However, in the Ca 2+ -loaded form, it undergoes a transition to a released (R), more extended conformation, where the myristoyl is solvent exposed (SI Appendix, Fig.  S1B ). The Ca 2+ -induced transition is characterized by both an increase in the radius of gyration (R gyr ) and total solvent-accessible surface area (SASA). They postulated that the solvation shell of the R conformation differs significantly from that of the T conformation, which affects the surrounding water structure and the overall change in RI signal measured. Recently, this group also showed a correlation between SPR, dynamic light scattering (DLS), and sizeexclusion chromatography (28) , confirming that conformational changes under conditions of molecular crowding yield fingerprint profiles reflecting different hydrodynamic properties for each Ca 2+ -sensor protein under changing Ca 2+ conditions. These properties were extremely sensitive to even small alterations of structure/conformation induced by point mutations. We have made similar observations in free solution for binding of folate to histone demethylase, LSD1 (52) .
The work reported by the Koch group indicates that the sitespecific homogeneous immobilization of the proteins enhances the intensity of the phenomenon, but the RI changes induced by concerted Ca 2+ -binding/conformational transitions are essentially isotropic. Using DLS, circular dichroism (CD), and ellipsometry as confirmatory and complementary methods, they concluded, "conformational changes can be detected even via the p-polarized resonance excited by the commercial SPR systems (Biacore, GE). . .likely to be a direct result of the heterogeneous orientation. . .a different case (than) the anisotropic immobilization of membrane receptors in lipid bilayers that require both s-and p-polarizations to be fully characterized as in plasmon waveguide resonance spectroscopy [PWRS] (53)" (51) . Thus, Koch predicts that conformational changes are less likely to be observed in the absence of both polarizations with highly organized systems.
Like PWRS, dual polarization interferometry (DPI) (54), employs both s-and p-polarizations of light. DPI is based on the observation that a laser-illuminated waveguide stack produces an interference fringe pattern that undergoes a phase change when an immobilized layer on the top stack changes. By introducing alternating polarization states [transverse electric (TE) and transverse magnetic (TM)], at right angles to each other into the stack, the difference in response allows two independent surface measurements. Using classical optical theory, these two outputs give a measure of thickness and density for the (protein) layer. Comparison of the TM and TE output has enabled shape, orientation, binding, and molecular conformation changes to be studied (55) .
Overall, the collective literature described above is consistent with our hypothesis that systems with significant conformation and hydration changes do not conform to the theory that predicts RI changes are equal the sum of the mass-weighted RI values (SI Appendix, Eqs. S1-S3, and Eq. 1). Too much evidence exists, from a diverse set of chemical/biochemical processes, for these observations to be anomalous or spurious in origin, particularly because the signal was observed in the presence of a large background arising from a mass adsorbed at the surface. Hence, configuring an assay to reduce or eliminate competing RI signals should result in a measurement that reports conformation/hydration changes. In 2007, we tested this hypothesis, showing that, under the proper conditions, a sensitive RI sensor can transduce solutionphase binding events (9) . Since this original report, BSI has been used widely (18-21, 23, 24, 56) , and benchmarked extensively, with comparisons to ITC, SPR, and other established assay platforms.
Results and Discussion
A unique aspect of our free-solution methodology is that often the sensitivity of the assay far exceeds that for detecting the individual participating species. In other words, the ligand alone has no quantifiable dη/dC response under the conditions of the assay, but when comparing the bound sample to the receptor/target (reference) there is robust and reproducible signal (SI Appendix, Figs. S2 and S3). This observation has raised the two important questions: (i) How it is physically possible to perform these label-free studies in free solution? (ii) What is the signal source? Here, we aim to definitively answer these questions, putting forth an explanation and a preliminary model for the free-solution signal and detailed transduction procedures by interferometry.
Conformation and Hydration Changes Are the Origin of Free-Solution
Signals. To quantify interactions in free solution, the experiment must be designed in a manner that places the chemical and optical focus on changes in conformation, hydrodynamic volume, hydration state, and to a lesser extent, the electronic state. Proper handling of index-matched sample and reference enable chemical focusing, while correct instrument alignment and operation maximize signal transduction by the interferometer. Our methodology should also apply to systems where there is no mass change, as in protein folding or where the difference in mass for the binding pair is large. We describe here how the relative mass of the binding partners plays a minor role in determining the FreeSRF.
Many years ago, we demonstrated protein folding on very small sample quantities with an early-generation capillary interferometer, showing that a readout for ubiquitin folding could be obtained (24) . In retrospect, we now realize the importance of this observation, which illustrated that, in the absence of any mass change, we could use an RI sensor to follow conformation changes in free solution. Recent efforts to construct an assay for respiratory syncytial virus provides additional evidence for our hypothesis that free-solution assays are reporting changes in conformation and hydration (56) . We found that the BSI sensitivity was not only related to the number of unpaired nucleotides, but also to the structure of the targeted regions of the RNA sequence. For example, locked nucleic acid probes showed a fourfold sensitivity improvement compared with DNA probes of the same sequence. To explain this non-dη/dC behavior, we investigated how the free-solution signal was impacted by changes in the duplex structure. Using titration and incubation of DNA: DNA duplexes with trifluroethanol, an established method for converting the duplex structure (57, 58) , we induced the transition from the B-form to A-form (SI Appendix, Fig. S4 ). We then monitored these structural transformations with CD and ellipticity at 270 nm, showing that the BSI free-solution readout reports structural transformations in the DNA duplex. Other experiments performed by us and others (59) involving positional DNA mismatch binding experiments further validate our hypothesis, showing free-solution signal enhancement emanates from induced alterations to the helical geometry of the nucleic acid hybrid and not a dη/dC change.
The Interferometer. The technology used to perform free-solution studies represents a unique interferometry configuration (9) . The optical train depicted in Fig. 1 is quite simple for a highly sensitive, small-volume interferometer, consisting of a coherent source, an object (channel in a chip or capillary), and a transducer. Probing the object with an unfocused He-Ne beam at nearly 90°( ±7°to allow fringes to be viewed), results in a high-contrast interference fringe pattern ( Fig. 1 ) in the backscattered direction. Depending on configuration, tracking the position of the fringes enables RI changes to be quantified in the range from 10 −4 to 10 −9 (60, 61) , within picoliter to nanoliter probe volumes. A long effective path length results from multiple reflections at the fluidchannel interface and leads to the unprecedented sensitivity in constrained volumes (62) . We, and others, still use capillaries, yet the most common interferometer configuration is based on a microfluidic chip containing a nearly semicircular isotropically etched channel that is 100-μm deep and 210-μm wide. Based on empirical observations, we have found that fringe selection is best accomplished by filling the channel with the analysis solution (buffer, serum, etc.) and counting approximately five fringes from the centroid, then windowing or selecting five to seven fringes in this region that exhibit a nearly single spatial frequency (SI Appendix, Alignment and Fringe Selection). Although the fringes closest to the centroid appear to exhibit a greater shift (63), a binding signal has yet to elude us in the region described above. With proper alignment (SI Appendix), the fringe contrast ratio approaches 99%, and this metric, combined with response to a change in RI (detection limits with glycerol solutions), serves to consistently produce the desired outcome. Good thermal stabilization and environmental isolation is also necessary and allows the device to produce a detection limit of ΔRI < 5 × 10 −7 . Typically, the sample/ chip is probed with both planes of polarization as a result of coupling a linearly polarized laser into a nonpolarization maintaining singlemode fiber coupler. Misalignment will lead to slanted fringes and/or fringes with poor contrast. All of the configurations of BSI we have investigated exhibit a classical dη/dC and dη/dT response expected of an RI detector.
It is likely that the multipass optical configuration (SI Appendix) of BSI contributes to success in performing free-solution and label-free measurements as does the ultrasmall (constrained) volume of BSI, but it is unlikely these alone are enabling characteristics. Although additional research is needed, we can state that there are a combination of factors that enable our free-solution measurements. These include the following: (i) the use of the proper assay methodology involving informed choice of reference and control and RI matching, (ii) careful sample handling, (iii) prudent instrument design with respect to temperature and pressure control, and (iv) informed fringe selection as described below.
If the conformation/hydration hypothesis described here has a physical basis, free-solution assays should be detectable by a device with comparable ΔRI sensitivity to those used in the SPR reports noted above. Detection limits vary for SPR, but consistently reach ΔRI = 10 −6 . In our hands, the BSI detection limit is ΔRI = 10 −6 or 10-fold below this level (19, 20, 62) . Therefore, using proper methodology the signal to noise ratio (S/N) of our interferometer should enable molecular interactions to be measured. As shown in SI Appendix, Table S1 and Fig. S2 , (i) the actual ΔRI measured by BSI for a binding event is well within the instrument detection limit, and (ii) as recently suggested (64), the predicted ΔRI using dη/dC considerations (SI Appendix, Eqs. S13-S17) would be undetectable.
The BSI signal is not calorimetric, as such reactions and binding events can add or remove energy from a solution, changing the solution temperature. This property has long been used to study interactions by calorimetry. Heat can also perturb the optical properties of a solution, in great part because of the relatively high dη/dT response exhibited by most fluids (1 × 10 −4°C for water). To rule out dη/dT perturbations as free-solution signals, we have shown that the quantities of sample interrogated in the interferometer volume cannot generate a temperature change large enough to produce a detectable ΔRI signal (9) (SI Appendix). Also, the absence of signal decay by conduction to a heat sink in stop-flow kinetic binding studies further confirms that the heat of reaction is not the source of the free-solution signal (9) . Virtually all assays performed since 2008 have been run as end-point determinations, with samples prepared, mixed, allowed to equilibrate (sometimes for hours), and then read by the interferometer. The end-point scenario excludes reactionbased calorimetric contributions to the signal.
The Free-Solution RI Signal for Interactions/Reactions. Consider the reaction between the two species A and B. As a chemist, it is tempting to write the equation for this reaction as follows: A + B → A-B, but this disregards the complexity of the interaction. When A and B react they undergo electronic transitions, lose or gain hydration, and experience significant changes in the atomic geometry. So the product is just that, an entirely new species allowing the reaction to written as: A + B → C. If this is the case, then the product formed from the interaction of A and B must have a unique and different dielectric constant or molecular dipole moment. The new species therefore responds differently to the probing electromagnetic radiation, in a manner analogous to the pH-change induced "structural" transformations in a dye molecule that lead to a significant change in absorption (color). For example, even the subtle change produced by ionizing phenol to phenolate results in quantifiably different absorbance spectra.
To aid in visualizing the free-solution transduction phenomena, we use the structural diversity found in calmodulin (CaM) (Fig. 2) . Binding of Ca 2+ to CaM ( Fig. 2A) leads to a significant conformation and hydration change (65) , resulting in a new complex, Ca 2+ -CaM (Fig. 2B ), which has a considerable and quantifiably different electromagnetic cross-section (dielectric constant). Then, if the Ca 2+ -CaM complex reacts with the M13 protein kinase (Fig. 2C) , the subsequent complex is unique and has a quantifiably different RI due to induced structural and hydration changes (66) . Binding the small-molecule inhibitor, trifluoperazine (TFP), induces changes in atomic arrangement and hydration that leads to yet another unique chemical entity ( Fig. 2D) (67) . These graphical representations, generated from X-ray structure found in the Protein Data Bank [Research Collaboratory for Structural Bioinformatics (RCSB)/Protein Data Bank (PDB)], for bound and unbound species pictorially illustrate that the potential magnitude of free-solution signal can be large (approximately >10 −4 RIU) under the proper conditions. Calculations of ΔRI (SI Appendix, Table  S1 and Figs. S2 and S3) further illustrate this point.
Although FreeSRF is not proportional to the sum of the massweighted change in RI for the reactants (SI Appendix, Eqs. S13-S17, and Figs. S2 and S3), this property does not preclude nonreacting or noninteracting analytes from exhibiting an RI response. Only the proper preparation of the sample and reference, typically from the same matrix, enables the extraction of the free-solution signal by canceling out (often) very large bulk RI background signals. In other words, the determination is not made by comparing samples with huge RI differences, but nearly identical ΔRI values. For example, we do not compare η 1 = 1.33131 to η 2 = 1.39131, but samples with RI values of 1.391312 and 1.391318 (ΔRI = 6 × 10 −6 ). The use of relative measurements ensure that the interaction is the predominant signal. Furthermore, to minimize the influence of nonspecific binding at the surface, we establish a baseline with the receptor present in the buffer or matrix under investigation and then to the best of our ability using rinse solutions, reestablish this level before introduction of every new concentration for the assay.
The free-solution response function and an expression predicting performance.
Our first attempt to formulate a model for label-free, free-solution assays was heuristic and based on the assumption that bindinginduced change in hydrodynamic radius dominated the signal for CaM interactions. Preliminary calculations used the RCSB/PDB structural information to estimate the radius of gyration (R gyr ) and SASA of the bound and unbound species (ΔR gyr and ΔSASA). A simple multivariable linear equation was obtained that relates the interferometry signal in phase, to change in R gyr and SASA for the CaM system (ΔBSI = 1.0 + 2.6 × 10 −4 ΔSASA + 0.054 ΔR gyr ). SI Appendix, Fig. S5A , shows the correlation between the predicted and experimental values for free-solution interaction studies of CaM binding Ca 2+ , Ca 2+ -CaM-TFP, Ca 2+ -CaM-calcineurin, Ca 2+ -CaM-M13 peptide. The surprisingly good correlation (R 2 = 0.88) between the actual and predicted signal magnitude for these binding events encouraged us to further our investigation.
Next, we expanded our formalism and applied it to a training set of binding pairs. Our expression mirrors Beer's law in its simplest form, which equates the absorbance of a species to the experimental parameters of the determination (path length and concentration) and the intrinsic property of the species (molar absorptivity). Here, we propose defining the response for freesolution sensing to be expressed as follows:
where ρ is the FreeSRF measured in radians, χ is the molar refractometry in RI units per moles per liter, β is the instrument response function in radians per RI unit, and C is the concentration in moles per liter. This simple equation demonstrates that the fringe shift (in radians) quantified by an interferometer when measuring a folding, binding, or hybridization event in free solution (no labels) is directly proportional to (i) the magnitude of structural change (predominantly conformation and hydration) of the sample; (ii) the dθ/dn sensitivity of the interferometer (which incorporates the optical path length); and (iii) the concentration of the analyte. Below, we show that ρ is not a function of the RII or the relative mass of the interacting species and that it can be estimated for a binding pair with reasonable confidence. Free-solution assays are predicated on the assumption that the solution is interrogated and not the surface (see below). The equation for FreeSRF states that the signal magnitude, ρ, is proportional to the number and type of transformations (see, for example, ref. 56) , not just the number of bonds formed or broken. Measurement of ρ is obtained as a change in RI reported by a fringe shift or estimated from χ, the species concentration and instrument performance. As such, the most significant contributors to error in ρ are instrument drift, run-to-run reproducibility, and the uncertainty in χ.
In defining χ as the molar refractometry, we recognize that the structural changes observed are a consequence of processes (folding, interactions, chemical reactions, biochemical transformations, etc.) that lead to changes in the analyte intrinsic properties, such as the dielectric constant, the molecular dipole moment, or other third-order parameters. This premise is supported by evidence from complementary techniques including CD, ellipsometry (SI Appendix, Fig. S4 ), ITC, DLS (28), and NMR. Accuracy in χ is dominated by the quality of the initial training set data and the correctness of the structure prediction method and data derived from it. Several combined resources can provide quality structural data: (i) the PDB; (ii) PYMOL/MOLMOL (molecular analysis and display programs) and (iii) M-FOLD for structure prediction; and (iv) Chimera for structural analysis.
Note that β appears in the equation to account for path length variations, interferometer sensitivity (S/N) differences from device-to-device, laboratory-to-laboratory, or even operator-tooperator. Currently dθ/dη is expressed as milliradians per RI unit, but other sensible units that accurately express the instrument figures of merit can be used for β. In consideration of β, it should be recognized that signal extraction from an interferometric fringe shift is enabled by proper optical alignment, as well as careful selection and handling of references and controls. As a cautionary note, it is our observation that BSI fringes do not exhibit uniform behavior with respect to free-solution sensitivity (SI Appendix). What we have found is that optimized optical alignment for fringes 6-13 (counted from the centroid), yields a single spatial frequency when using fast Fourier transform (FFT) (60) (Fig. 1 ) that has always reported the free-solution signal.
The magnitude of FreeSRF scales with concentration; therefore, the addition of more protein always increases ρ, but it must be recognized that C is the product concentration, the quantity of the new shape or complex. So circumstances can be imagined where increasing the amount of receptor does not produce a directly proportional change in ρ. For K D determinations, this can be dealt with by avoiding a scenario where a high product concentration is reached in the assay. At this juncture for K D determinations, we perform FreeSRF most often with target concentrations near the assumed affinity or at K D /10. Additionally, we are mindful that error in C impacts FreeSRF, contributing uncertainty to the training set used to define χ and then used to predict ρ for a new system.
As with Beer's law, which exhibits nonlinearity for three major reasons (68), we do expect refined versions of our theory to take on higher order terms that could effect ρ similarly. Although nonlinearities may be identified, our preliminary observations conform well to the simple expression proposed. We do acknowledge that our model can be improved and support that it will benefit from further investigation. Testing the validity of FreeSRF. As with other models (37, (69) (70) (71) (72) , it was necessary to use a learning set to establish the appropriate relationships and weighting parameters for FreeSRF. In our case, we determined χ from ρ exp for a training set of well-characterized binding systems (Table 1) . Multiple users performed the assays on several different interferometers (of similar configuration) to ensure confidence in the result and minimize operator or device biases.
For each of the training systems, the reference-corrected phase shift (ρ exp in milliradians) was experimentally quantified at known concentrations of ligand. These values were used to determine the FreeSRF values for the experimental conditions: ρ expBmax , β exp , and C Bmax , which in turn facilitates the calculation of values for χ exp for the training set at the final concentration of product:
Running a dη/dC calibration experiment allows β to be determined in radians per RI unit for the specific instrument used in the binding assay. This experiment consists of measuring the phase shift as a function of glycerol concentration in millimolar concentration (or another suitable analyte). From this linear relationship, we obtain the slope, expressed in radians per millimolar concentration. For example, the response of BSI 4 (instrument 4 of 9) for a glycerol calibration curve was found to be 0.011 radians per millimolar concentration, a typical value for our chip-based device. Then we express β in RI units per millimolar glycerol using a conversion factor from the CRC for dη/dC; in the case of glycerol, this parameter is 1.04863 × 10 −5 RIU/mM (73 To obtain the desired values for χ Bmax , we must know the concentration of the product, [Complex], detected upon physical transformation. Several approaches can be used to find this value. Here, we used an equilibrium solver written in Excel to determine the [Complex] at each concentration of ligand. The solver uses the mass balance equation, the receptor concentration, ligand concentration, and K D to calculate product concentration (SI Appendix). Then the maximal concentration of product is determined by plotting the product vs. ligand concentrations and fitting the curve using a single-site binding isotherm. B max is equal to the maximal concentration of product that is formed under the experimental conditions with high accuracy and has less bias than results produced at lower concentrations with a reduced S/N. To check the validity of using B max for the [Complex] and our solver, we used the quadratic equation to solve the equilibrium mass balance equation for the concentration of the complex at each point on the saturation isotherm produced from the end-point binding assay. Results shown in SI Appendix, Table S2 , illustrate that using the solver for B max produces comparable values to the more computational intensive approach based on the quadratic expression. With ρ exp /C Bmax and β in hand, we have the experimentally determined value χ exp for each of the training set species and can turn to the task of determining χ. From our experience with CaM and observations by others (see above), the hypothesis that the freesolution signal has its origin in the physical transformations upon binding or folding emerges. Therefore, χ should be principally proportional to reaction/binding-induced conformation and hydration changes. Thus, allowing us to propose the expression for χ to be the following:
where ΔSASA is the difference in solvent-addressable surface area for bound complex and the unbound species in square angstroms, the aveSASA is the sum of SASA values divided by the number of values (PDB structures), ΔR Gyr is difference for the radius of gyration for the unbound species and that of the complex (bound species) in angstroms, aveR Gyr is sum of radius of gyration values divided by the number of values (PDB structures), and A, B, C, D, and E are fitting coefficients. The inclusion of the average quantities for R gyr and SASA was motivated by a report by Marsh and Teichmann (37) where they demonstrate that that the absolute SASA value of a protein taken from a complex is an indicator for the amount of conformational change expected upon binding and is thus expected to affect χ model . The absolute R gyr value is required to normalize the effects of the absolute SASA value with protein size as described by Marsh and coworker in their equation 2 (37) . It is noteworthy that the quality and accuracy of the database structures used to determine the hydrodynamic properties directly impacts our predicted outcome. Here, we used the RSCB/ PDB (SI Appendix, Table S3 ) to calculate of R gyr and SASA with methods described below. In some cases, the PDB files were only available for corresponding ligand/receptor pairs in varying multiples of subunits (for example, unbound calmodulin was found as a monomer, but calmodulin bound to calcineurin was found as a homodimer). In cases where appropriate, these multimers were split into monomers using Chimera (74) .
Numerous approaches exist to quantify R gyr (75) (76) (77) . Here, we used a Chimera script obtained from plato.cgl.ucsf.edu/trac/ chimera/wiki/Scripts, enabling the calculation of R gyr using the following expression:
where r is the position and m is the mass of each atom in the molecule. Hydrogens were removed for this calculation for consistency across species, because the Chimera program automatically adds these when displaying a new PDB file. Noninteracting species, such as ions, solvents, and accessory ligands were also removed before determining the R gyr . The results for these calculations are compiled in SI Appendix , Table S4 . The values obtained from Chimera correlated well with a self-written MatLab script using the same coordinates obtained from the PDB files. Chimera was also used to aid in calculation of the SASA values. As recommended, solvent-excluded molecular surfaces were created with the help of the MSMS package: mgltools. scripps.edu/packages/MSMS/. Typically the SASA of only the main protein chain is used, with the surface area obtained using the "Surface" command in the MSMS program, which uses four different algorithms to determine surface area. Nonprotein molecules were discarded (including solvents, ions, and ligand) before calculations, except when the ligand was also a protein undergoing its own "significant" structural change. To calculate the SASA of the molecule, a "probe" (sphere of radius 1.4 Å) is "rolled" across the surface of the molecule. To begin, the first atom is selected, and the probe is placed at a distance of the radius of the atom, and then moved around the atom in the tangential direction until the probe comes into contact with the nearest neighbor atom. Then, the probe is moved along a path of equal radial distance between the two atoms until it encounters a third atom. This process is repeated to find the junctions between all atoms and their neighbors until the probe has been moved across the entire structure and the whole surface of the structure has been constructed. SI Appendix, Table S4 , presents the values for SASA for each of the learning set structures.
We now have ΔR gyr , ΔSASA, and their average values (from PDB structure) allowing us determine the theoretical value for χ model for each interaction. Using the experimentally determined value for χ exp , obtained from ρ exp /Cβ and theoretical χ values for our entire training set, we determined the coefficients A, B, C, D, and E for Eq. 5 (SI Appendix, Table S5 ) by performing a linear regression in Matlab. Using a wide range of χ values, this simple model produced a "good" fit with a high correlation coefficient (SI Appendix, Fig. S5B ), but with a modest Spearman correlation coefficient of ρ s = 0.853 (a nonparametric measure of statistical dependence between variables that indicates the relationship is not random and that the correlation between the variables can be described using a monotonic function). However, a relatively large residual error (20,249) (SI Appendix, Table S5 ) and percent difference between χ exp and χ model enhances the possibility of poor prediction accuracy, particularly for systems with a relatively small FreeSRF (ρ).
A better fit was found by separating the binding systems into two sets, "large" and "small" responders, based on the size of FreeSRF (ρ exp ). Because the interferometer reports the magnitude of structural changes (not the binding species MW), some proteins will populate both sets upon interaction with different ligands. For example, CaM can be found in both training sets. Using the signal-size segregation approach produces the plots shown in Fig. 3 . These plots clearly illustrate that the relation between the χ exp vs. χ model predicted a priori produces two excellent results, with linear correlation coefficients of R 2 = 0.991 and 0.998 and P values of 2.76 × 10 −6 and 3.13 × 10 −12 for the small and large FreeSRF models, respectively. Further evaluation of the relationship yields Spearman rank correlation coefficients of ρ s = 0.936 and 0.979, respectively (SI Appendix, Table  S5 ). It is important to note that our results do not necessarily split into two best-fit models, and we acknowledge that there are likely some scaling factors we have not identified which could impact the quality of the fit. The model can really be split in any number of ways (two subsets or three, four, five subsets) and provide similar results, yet a division into just large and small sets results in a relatively simple and easy-to-use model that produces a reasonably high quality result. It is also possible that, as the training set expands, a group of intermediate species will emerge. To the best of knowledge, there is not really a way to ascribe a physical property to E, which is the error term, disturbance term, or noise. This variable captures all other factors which influence the dependent variable y i other than the regressors x i and is dissimilar for the large/small sets because of the significant difference in error between the two models. It is noteworthy that the training set used has a significant level of diversity, including ion-protein, protein-protein, small molecule-protein, protein-aptamer, membrane protein targets analyzed as cell-derived vesicles, an antibody-antigen pair, and unaltered human erythrocytes (21) . Furthermore, the highly correlated results were obtained over a period spanning more than 3 years, by numerous BSI operators and on six different BSI instruments. Overall, the model provides values for the molar refractometry, χ, which correlate well with those derived from the binding experiment (Table 1 ), suggesting it can be used to estimate the FreeSRF for systems where binding-induced conformation and hydration changes can be obtained with reasonable accuracy. Predicting/estimating FreeSRF. There are two levels of prediction applicable to FreeSRF: one is to determine whether the small or large model should be used, and the other is to estimate the freesolution signal for a molecular interaction not currently part of the training set. Fig. 4A illustrates the work flow used to estimate the applicability of using the small vs. large model. First, the structural information (PDB) and the large and small model-fitting parameters (A, B, C, D, and E) are used to calculate χ model . Then, because most assays are run under these conditions, we estimate the final complex concentration by setting it equal to K D /10 (SI Appendix, Table S1 ). Upon performing these two calculations and using the FreeSFR relationship, either a nonsense or sensible answer for the predicted change in ΔRI (e.g., detectable or not by BSI) emerges. Following the flowchart in Fig. 4A and using a conservative estimate for the operating range for the interferometer (approximate ΔRI of 3 × 10 −3 to 3 × 10 −6 ) allows successful ranking of the binding pair with respect to large or small model. Fig. 4B illustrates that in most cases (23 of 27) or 85% of the time the prediction properly classifies the binding pair. An additional calculation (SI Appendix) using the instrument response function β enables the determination of the actual ΔRI produced for a binding pair (SI Appendix, Table S1 ). Two important observations can be gleaned from this table. The first is that the experimentally measured value ρ correlates well with the predicted signal. Second, the table and SI Appendix, Figs. S2 and S3, illustrates that the magnitude of ΔRI for a binding event is relatively large.
Armed with the small vs. large selection method, we tested the capability of the model to estimate the free-solution signal for two molecular interaction pairs not used in the training set. These are Ca 2+ -recoverin protein-ion interaction and the dansylamide-carbonic anhydrase (CAII) enzyme-inhibitor system. Using the PDB and Eq. 5, we first calculated χ model for each of the two test systems. Based on ΔSASA, aveSASA, ΔR gyr , aveR gyr , we obtain χ model of 78.1 RIU/M and −40,557 RIU/M for Ca 2+ -recoverin and dansylamide-CAII, respectively (Table 1) .
To estimate FreeSRF (ρ pred ) we combine χ model with β for the instrument to be used and the values of C determined from the K D using our solver and the concentrations to be used to generate a binding isotherm. We commonly use a receptor concentration of ∼K D /10 and a ligand concentration of 4-to 10-fold larger than K D to reach saturation (B max ). For example, for Ca 2+ -recoverin, use of the mass balance equation, a receptor concentration of 5.40 × 10 −7 M, and a K D = 0.27 × 10 −6 M (78), allows that the BSI equilibrium concentrations can be predicted (SI Appendix, which allows the ρ c at each ligand concentration to be calculated.
Plotting ρ c-model vs. the ligand concentration gives the predicted free-solution binding assay (green curve, Fig. 5A ). The same procedure was performed for the dansylamide-CAII binding pair, producing values for C and the modeled FreeSRF (ρ c-model ) (SI Appendix, Table S2 ). Plotting these results gives the green binding curve displayed in Fig. 5B . Independent of our prediction, we performed free-solution measurements with BSI to determine the K D for both the recoverin and CAII systems. The saturation isotherm binding curves for these experiments are presented as blue lines in Fig. 5 . To further illustrate the correlation between measured and estimated FreeSRF, we plotted the χ exp values on Fig. 3 showing where they lie on the training-set line. The percent difference from χ model was 0.13% for Ca 2+ -recoverin and 18.0% for dansylamide-CAII.
Overall, there is a very good correlation between the empirical and theoretical results. The relative difference between the ρ exp and ρ model was found to be less than ∼29%, except for one value for one dansylamide-CAII concentration reaching 37.8% (SI Appendix, Table S2 ). It is not surprising that the largest difference in ρ values occurs at the lowest concentrations on the binding curve, a region of lowest instrumental S/N, which typically reports the smallest phase change. As expected for the cluster of systems that have relatively small experimental FreeSRF signals (Fig. 3 ), a larger difference in χ model will lead to a comparable error in the prediction. However, the ability to confidently estimate the signal for a binding event within a factor of 2, given only a K D value and the structure, should enable rapid assay optimization, advancing the study of intermolecular interactions.
Also of note, our model accurately predicted a negative FreeSRF (ρ) value (relative to glycerol) for the CAII system, which was subsequently reported in the binding curve by the interferometer. This phenomenon, having been ascribed to a reduction in hydrodynamic diameter, was also observed by SPR for numerous binding systems. Directionality of the signal is a poorly studied parameter at this stage for free-solution measurements, requiring considerably more investigation to provide meaningful mechanistic insights. It is under intense investigation and does appear to inform about the binding mechanism as suggested by others (27, 42) .
Even though the molecular shape and hydration changes predict the free-solution signal, it may be necessary to use additional parameters to more accurately describe the molecular dipole, dielectric constant, or electronic structure. For example, systems that undergo oxidation/reduction may produce an electronic structure redistribution that would require use of a third-order term in the equation for χ. We opted for a linear model for simplicity and because it produces an excellent correlation. However, we do recognize that the dependence of RI from changes in structural and dynamical parameters could be more complex than the linear model we fit to, in part because the fitting was done with a somewhat limited number of experimental data points. Interestingly, Marsh and Teichmann (37) make a compelling argument that the absolute value of SASA correlates with the amplitude of conformational change, so ascribing the dependence of RI changes upon binding to alterations in SASA and R gyr is quite reasonable. We acknowledge that, with additional experimental data and a better understanding of the physical basis of these transformations, a more complex model could emerge that more accurately predicts changes in RI. Going forward, we will be continually evaluating and adding systems to expand our training set, which should improve model performance. To enable broader use by the community, we will be establishing a website to make our model available and for other investigators to contribute to the learning set.
The presentation of these results provides adequate evidence to address a recent assertion made by Sørensen and coworkers (64) that "so far no explicit explanation into how binding could physically generate a BSI signal has been provided." Experimental parameters for effective free-solution measurements. Freesolution investigations are comparative analyses, and it is only under the proper conditions that these relative RI signals become quantifiable. Therefore, we clearly define in SI Appendix the experimental conditions needed to ensure others can successfully perform freesolution assays.
Concluding Remarks
We have presented a hypothesis: "the signal origin for label-free, free-solution studies can be principally ascribed to alterations in structure upon reaction, interaction, or folding. These changes in conformation and hydration produce a quantifiable RI signal." Numerous examples from the SPR literature describe unanticipated RI signals that could only be attributed to bindinginduced changes of this type, findings that further support our supposition. An expression for the FreeSRF is proposed, ρ = χβC, which relates structural changes (χ) to the fringe shift ρ. A training set of a diverse set of binding systems was tested on multiple instruments over a several-year period and used to calculate the coefficients for χ derived from a linear relationship between the experimental and predicted value for FreeSRF (ρ). Using this relationship, we were able to predict, a priori, with reasonable accuracy the FreeSRF for two binding systems. To enable others to use this approach and further refine the model, we have described in full detail the conditions and methodologies needed to perform free-solution assays. Using a carefully designed samplereference assay that constrains background dη/dC changes and working within the S/N of our interferometer, it is possible to study processes in the absence of a mass change as in protein folding or molecular interactions when the two interacting species are at undetectable starting concentrations.
Based on the strong correlation between FreeSRF and the structural changes detected by the system, our model and BSI enables the use ρ exp to determine or predict χ. This capability could provide insights into mechanism of action, allow expedited medicinal chemistry activities, and potentially predict the impact on structure and/or affinity with environment. Additionally, quantitative free-solution assays can be rapidly optimized using our FreeSRF model.
Although an excellent correlation between our theory and experiment has been obtained, we acknowledge more refinement of the model could be advantageous. As with Beer's law, higher-order terms may be required for some processes (particularly for electronic redistribution) to fully describe a labelfree, free-solution experiment.
We predict that the availability of a user-friendly interferometric instrument could usher in a new era for label-free, free-solution chemical, biochemical, and medical analyses.
